The influence of two known cardiovascular risk factors, aging and consumption of a high-fat diet, on vascular mesenteric artery reactivity was examined in a mouse model of accelerated senescence (SAM). Five-month-old SAM prone (SAMP8) and resistant (SAMR1) female mice were fed a Western-type high-fat diet (WD; 8 weeks). Mesenteric arteries were dissected, and vascular reactivity, protein and messenger RNA expression, superoxide anion (O 2 ·− ) and hydrogen peroxide formation were evaluated by wire myography, immunofluorescence, RT-qPCR, ethidium fluorescence and ferric-xylenol orange, respectively. Contraction to KCl and relaxation to acetylcholine remained unchanged irrespective of senescence and diet. Although similar contractions to phenylephrine were observed in SAMR1 and SAMP8, accelerated senescence was associated with decreased eNOS and nNOS and increased O 2 ·− synthesis. Senescencerelated alterations were compensated, at least partly, by the contribution of NO derived from iNOS and the enhanced endogenous antioxidant capacity of superoxide dismutase 1 to maintain vasoconstriction. Administration of a WD induced qualitatively different alterations in phenylephrine contractions of mesenteric arteries from SAMR1 and SAMP8. SAMR1 showed increased contractions partly as a result of decreased NO availability generated by decreased eNOS and nNOS and enhanced O 2 ·− formation. In contrast, WD feeding in SAMP8 resulted in reduced contractions due to, at least in part, the increased functional participation of iNOS-derived NO. In conclusion, senescence-dependent intrinsic alterations during early stages of vascular senescence may promote vascular adaptation and predispose to further changes in response to high-fat intake, which may lead to the progression of aging-related cardiovascular disease, whereas young subjects lack the capacity for this adaptation.
resulting in altered functioning and increased susceptibility to cardiovascular disease. The control of blood flow and pressure is critically influenced by vascular tone, which reflects the balance between constrictor and dilator influences (Barton 2010) . Vascular tone can be regulated either by substances directly modulating the smooth muscle or by the indirect influence of the endothelium, which releases bioactive molecules that diffuse to the smooth muscle. Aging alters the contribution of these factors in vascular responses by generally reducing endothelial-mediated relaxation and increasing or decreasing contractile responses to several agonists (Briones et al. 2005a; Hausman et al. 2011; Marín and Rodriguez-Martínez 1999; Matz et al. 2000; Stewart et al. 2000; Van Guilder et al. 2007 ). One of these factors, aging-induced increase of reactive oxygen species (ROS) production, has been well described (Ungvari et al. 2008) .
Several factors can potentially modify the impact of aging on the cardiovascular system. Weight gain is an independent risk factor for cardiovascular dysfunction and therefore is associated with an increased incidence of hypertension, stroke, diabetes and peripheral arterial disease (Hubert et al. 1983; Kannel et al. 1996) . Experimental evidence suggests that mice fed a highfat diet exhibit enhanced ROS production, impaired vascular relaxation and altered contractions (Barton 2010; Kobayasi et al. 2010; Matsumoto et al. 2006; Mundy et al. 2007; Rodriguez et al. 2006; Ungvari et al. 2010) .
The similarities of the mechanisms activated by obesity and aging suggest that the former can be considered to have effects consistent with accelerated vascular aging (Barton 2010) . This hypothesis may also lead to the proposition that the effects of aging and obesity could be additive on vascular responses, and thus dietary fat intake may possibly exacerbate the adverse effects of aging (Nakamura et al. 1989; Spagnoli et al. 1991) . Nevertheless, several studies dealing with the effects on aging of high-fat feeding have produced contradictory results, and more prominent alterations in young than in old animals have also been reported (Cortes et al. 2002; Erdos et al. 2011) . Therefore, the mechanisms by which weight gain can modify the outcome of cardiovascular aging are far from being well understood.
After the first report in 1981 by Takeda et al. (1981) , numerous studies have demonstrated that senescenceaccelerated mice (SAM) show age-associated alterations commonly found in aging humans. Compelling evidence indicates that several strains of the senescenceaccelerated prone mice (SAMP), including SAMP8, show signs of accelerated senescence of the cardiovascular system (Han et al. 1998; Lauzier et al. 2008; Lloréns et al. 2007; Novella et al. 2010 Novella et al. , 2011 Yagi et al. 1995; Zhu et al. 2001) . Interestingly, increased contractility (Lloréns et al. 2007; Novella et al. 2010 Novella et al. , 2011 and endothelial dysfunction (Lloréns et al. 2007; Novella et al. 2010 ) was observed in aortas from 6-to 7-month-old SAMP8 compared with SAMR1, an effect that could be partly attributed to elevated ROS production (Lauzier et al. 2008; Lloréns et al. 2007 ). Moreover, following administration of a high-fat diet, also known as Western diet (WD), more prevalent and extensive atherogenic lesions developed in aortas from SAMP8 than from SAMR1 (Fenton et al. 2004) . Nevertheless, the role of accelerated senescence on small vessel reactivity and the impact of dietary fat intake have remained elusive. Novella et al. (2011) reported that vascular alterations begin earlier in SAMP8 and are manifest at an age of 6 months. The present study sought to determine the influence of accelerated senescence and highfat intake on the reactivity of mesenteric arteries (MAs) from SAM at an early stage of vascular senescence and to investigate the mechanisms underlying those alterations, with special emphasis on the role of oxidative stress and changes in NO signaling.
Material and methods

Animals and diet
Female SAMR1 and SAMP8 mice were obtained from the breeding stock at Parc Científic de Barcelona, which began with matrices from Harlan (Harlan Laboratories UK, Bicester, UK), and housed according to institutional guidelines (constant room temperature at 22°C, 12-h light/dark cycle, 60 % humidity and water ad libitum). Experiments were approved by the Ethics Committee of the Universitat de Barcelona and conformed to the US National Institutes of Health Guide for the Care and Use of Laboratory Animals. Both SAMR1 (n048) and SAMP8 (n047) were randomly separated at 5 months of age into two groups receiving ad libitum for 8 weeks the following: 1) a standard mice chow (control diet; Harlan Teklad mouse breeding and maintenance diet, Teklad Global Diet-2018) and 2) a Western-type diet (Harlan Teklad Western Adjusted Calories Diet, TD.88137) (Fenton et al. 2004) . Both diets were given as pellets, with the nutritional composition shown in Table 1 .
Body weight was recorded at the beginning (5 months) and the end (7 months) of treatment, and average weight gain was calculated. Feed conversion efficiency was used as a measure of an animal's efficiency in converting feed mass into increased body mass. It was determined as the average mass of food intake (grams) divided by mass gain all over the dietary period. At 7 months old, all mice were anaesthetized with sodium pentobarbitone (40 mg/kg; i.p.) and decapitated. The mesenteric arcade was placed in cold physiological salt solution (PSS) of the following composition (in millimolar): NaCl 112.0, KCl 4.7, CaCl 2 2.5, KH 2 PO 4 1.1, MgSO 4 1.2, NaHCO 3 25.0 and glucose 11.1. At the day of sacrifice, fat accumulated within the abdominal cavity was carefully removed and weighed. Results were expressed as a function (percent) of total body weight. In some anaesthetized mice, blood samples (0.5 ml) were collected by cardiac puncture, and plasma was separated by centrifugation at 3000×g, 10 min, aliquoted and stored at −70°C.
Tissue preparation
Segments of first-order branches [vascular reactivity, oil red O staining, superoxide anion (O 2 ·− ) and hydrogen peroxide production and immunofluorescence] and first-, second-and third-order branches (RT-qPCR studies) of the superior MA were dissected free of fat and connective tissue in ice-cold PSS, maintained at 4°C and gassed with 95 % O 2 and 5 % CO 2 . The vessels were prepared essentially as previously described (Martínez-Revelles et al. 2012 ).
Wire myography
Reactivity was studied in vessels mounted on an isometric wire myograph (model 410 A; J.P. Trading, Aarhus, Denmark) filled with PSS (37°C; 95 % O 2 and 5 % CO 2 ) following the protocol described previously (Martínez-Revelles et al. 2012) . Optimal tension was assessed in preliminary experiments by subjecting arterial segments to different resting tensions and challenging with 100 mM KCl (Syyong et al. 2009 ). The optimal tension was the tension that resulted in the maximal force generated in response to 100 mM KCl, which was similar for SAMR1 and SAMP8 MAs (1.5 mN). Therefore, the vessels were stretched to 1.5 mN, washed and allowed to equilibrate for 30 min. The tissues were contracted three times with 100 mM KCl every 5 min until the amplitudes of the contractile responses were similar in magnitude. After washing, vessels were left to equilibrate for a further 30 min before starting the experiments.
Endothelial-dependent vasodilatations were studied by evaluating the relaxation induced by acetylcholine (ACh; 10 −9 to 10 −5 M) performed in 3×10 −6 M phenylephrine (Phe)-precontracted vessels from SAMR1 and SAMP8. To investigate the influence of strain 
Real-time quantitative RT-PCR
Messenger RNA (mRNA) expression of 1) the nitric oxide synthase isoforms (eNOS, iNOS and nNOS), 2) the subunits of NAD(P)H-oxidase (Nox-1, p22 phox and p47 phox ) and 3) the superoxide dismutase (SOD) isoforms [cytoplasmic Cu, Zn (SOD1), mitochondrial Mn (SOD2) and extracellular Cu, Zn (SOD3)] were quantified by Syber green-based quantitative real-time PCR as previously described (Caracuel et al. 2011; Márquez-Martín et al. 2012 ). Primer sequences for rodent genes used in this study are shown in Table 2 . The 18 S ribosomal subunit of RNA was used as internal control (Applied Biosystem Inventoried Primer: Hs99999901 s1). RT-qPCR reactions were set following the manufacturer's conditions. Ct values obtained for each gene were referenced to r18S (ΔCt) and converted to the linear form using the term 2 −ΔCt as a value directly proportional to the copy number of complementary DNA and initial quantity of mRNA (Novensa et al. 2010 ).
Immunofluorescence
Frozen sections (14 μm) were incubated with primary antibodies as follows: mouse monoclonal anti-eNOS (1:100; BD Biosciences, Franklin Lakes, NJ, USA) or a rabbit polyclonal anti-iNOS (1:50; Thermo Scientific, Rockford, IL, USA), anti-nNOS (1:100; Life Technologies Ltd, Paisley, UK) and anti-nitrotyrosine (1:100; Merck Millipore, Billerica, MA, USA). Sections were processed for immunofluorescence staining essentially as previously described (Caracuel et al. 2011; Jiménez-Altayó et al. 2009; Martínez-Revelles et al. 2012 ). Quantitative analysis of fluorescence was performed with MetaMorph Image Analysis software (Molecular Devices, Sunnyvale, CA, USA). The fluorescence signal per area was measured in at least two rings of each animal, and the results were expressed as arbitrary units. All measurements were conducted blind.
Measurement of O 2 ·− production
The oxidative fluorescent dye dihydroethidium, which in the presence of O 2 ·− is oxidized to ethidium bromide, was used to evaluate production of O 2 ·− in situ in frozen MA segments (14-μm thick), essentially as described previously (Jiménez-Altayó et al. 2009; Martínez-Revelles et al. 2012) . Parallel sections were incubated with polyethylene glycol SOD (PEG-SOD; 500 U/ml) to evaluate the specificity of the signal. Quantitative analysis of O 2 ·− production was performed with MetaMorph Image Analysis software (Molecular Devices, Sunnyvale, CA, USA). The fluorescence signal per area was measured in at least two rings of each animal, and the results were expressed as arbitrary units. All measurements were conducted blind.
Measurement of hydrogen peroxide production
Hydrogen peroxide formation was evaluated in the vascular wall by the ferric-xylenol orange hydroperoxide assay, adapted from a methodology previously described (Dantas et al. 2002; Hermes-Lima et al. 1995) . This assay is based on the conversion of Fe
+2
to Fe +3 at acidic pH in the presence of hydroperoxide, which in turn complexes with xylenol orange dye to yield a purple product. Briefly MA sections were initially incubated with 10 % methanol (v/v) for 20-30 min at room temperature, followed by incubation of reaction mixture containing 25 mM ammonium ferrous (II) sulfate, 2.5 M H 2 SO 4 , 4 mM butylhydroxytoluene and 125 μM xylenol orange in methanol. Colored images were captured with a microscope (Olimpus SX-31, ×40) using Soft Cell software. Quantitative analysis of hydrogen peroxide production was performed with Image J software. Percentage of labeled area was measured in at least two rings of each animal. All measurements were conducted blind.
Drugs
Drugs used were dihydroethidium, paraformaldehyde, phenylephrine hydrochloride, acetylcholine chloride, Nω-nitro-l-arginine methyl ester, N-(3-(aminomethyl)benzyl)acetamidine hydrochloride and tempol (Sigma-Aldrich). All drugs used for reactivity studies were dissolved in PSS.
Data analysis and statistics
Results are expressed as mean ± SEM of the number (n) of mice indicated in the figure legends. Vasoconstrictor responses were expressed as a percentage of the tone generated by 100 mM KCl. Vasodilator responses to ACh were expressed as a percentage of the previous tone generated by Phe. Area under the curve (AUC) was calculated from each individual concentration-response curve to ACh and Phe, and was expressed as arbitrary units. The dependence of vasoconstrictor and vasodilator response on strain and diet or on diet and vessel treatment was assessed by a two-way (strain/diet or diet/treatment) analysis of variance (ANOVA) with Bonferroni's post-test. Data analysis was carried out using GraphPad Prism v4. A value of P<0.05 was considered significant.
Results
General parameters
On control chow, all parameters were similar between strains, and WD increased weight gain, abdominal fat, feed conversion efficiency and cholesterol levels in both strains (Table 3) . Nevertheless, WD intake did not result in the development of lipid lesions, measured in MAs from both groups by oil red O staining (data not shown).
Influence of senescence and diet on vascular reactivity Contractile responses to KCl (100 mM) were similar irrespective of senescence (SAMR1 control: 0.59± 0.02 mN, n 038; SAMP8 control: 0.63 ±0.03 mN, n048) and diet (SAMR1 WD: 0.60±0.03 mN, n030; SAMP8 WD: 0.58±0.05 mN, n025). Phe contracted endothelium intact MAs in a concentration-dependent manner (Fig. 1a) . Although no senescence-associated difference was observed in either control group, highfat diet induced opposite effects by either increasing (P<0.01) or decreasing (P<0.05) Phe contractions in SAMR1 and SAMP8, respectively (Fig. 1a) . Conversely, neither senescence nor diet altered endotheliumdependent ACh-induced vasodilatation (Fig. 1b) . Influence of senescence and diet on NO-mediated responses
The nonselective NO synthase inhibitor L-NAME (10 −4 M) enhanced the concentration-response curve to Phe in SAMR1 on control diet but not on WD (Fig. 2a) . Nevertheless, in SAMP8 mice, vasoconstrictor responses to Phe after L-NAME were greater in both control-fed and WD mice (Fig. 2b) . Treatment with 1400 W (10 −5 M), a selective iNOS inhibitor, had no effect on diet-mediated changes in SAMR1 (Fig. 2c) . Nevertheless, in SAMP8 mice, 1400 W reversed the WD-induced impairment of Phe contractions (Fig. 2d) , but only induced a slight increase (P<0.05) on the maximum contraction (control: 180±6 % KCl, n016; control+1400 W: 205±10 % KCl, n07) on control diet. Immunofluorescence and RT-qPCR studies revealed low levels of eNOS protein and mRNA (Fig. 3a, b) . iNOS protein expression was similar in all vessels (Fig. 3a) . However, quantitative analysis of iNOS mRNA showed greater levels (P<0.05) in SAMP8 compared to SAMR1 on both control diet and WD (Fig. 3b) . nNOS protein expression was decreased (P<0.01) by senescence (Fig. 3a) . WD intake either decreased (P<0.05) or increased (P<0.05) nNOS protein expression in SAMR1 and SAMP8, respectively (Fig. 3a) . However, nNOS mRNA levels were enhanced in SAMP8 compared to SAMR1 irrespective of diet (Fig. 3b) .
Influence of senescence and diet on oxidative stress
To determine the participation of O 2 ·− on Phe-induced contractions during senescence and WD, vessels were incubated with the SOD mimetic tempol (10 −3 M; Fig. 4 ). Tempol did not elicit any effect on Phe contractions in the two groups of mice on control diet. However, on WD-fed mice, treatment with tempol eliminated the WD-induced potentiation of Phe contractions in SAMR1 (Fig. 4a) . Conversely, tempol had no significant effect on Phe contractions in SAMP8 on WD (Fig. 4b) . A slight fluorescence by ethidium bromide was observed along the vascular wall of SAMR1 and SAMP8 (Fig. 5a ). WD augmented (P<0.05) the fluorescence in all three layers of the SAMR1 vessel wall, but did not change the fluorescence in SAMP8 (Fig. 5a) , suggesting an increase in O 2 ·− production after exposure to WD only in SAMR1. Weak fluorescence for nitrotyrosine was found on MA from SAMR1 on control diet (Fig. 5b) . However, a marked increase (P<0.01) in nitrotyrosine immunofluorescence was observed in SAMP8 on control diet, suggesting a senescence-induced increase in peroxynitrite formation (Fig. 5b) . WD increased (P<0.05) nitrotyrosine-induced fluorescence in SAMR1, but reduced (P<0.01) the fluorescence in SAMP8, indicating an increase or decrease, respectively, in peroxynitrite formation after exposure to WD (Fig. 5b) . Quantitative analysis of mRNA levels of NAD(P)H-oxidase subunits (major source of vascular O 2 ·− ) shows that Nox-1, p22 phox and p47 phox were expressed in MAs from both SAMR1 and SAMP8 (Fig. 5c) . mRNA levels of Nox-1 (P<0.01) and p22 phox (P<0.05) were significantly greater in SAMP8 compared to SAMR1 on control diet (Fig. 5c ). Feeding animals a WD increased (P<0.05) mRNA levels of Nox-1, p22 phox and p47 phox in SAMR1 (Fig. 5c ). In SAMP8, however, WD significantly increased (P<0.01) mRNA levels of p47 phox without modifying those of Nox-1 and p22 phox (Fig. 5c) . A slight hydrogen peroxide production was observed along the vascular wall of SAMR1 irrespective of diet (Fig. 6a) . However, an increase in hydrogen peroxide production was observed in SAMP8 irrespective of diet (Fig. 6a) . Quantitative analysis of Fig. 3 Influence of senescence and diet on NOS expression in mesenteric arteries from female SAMR1 and SAMP8 mice. a Representative photomicrographs and quantification of eNOS, iNOS and nNOS immunofluorescence of confocal microscopic artery sections. Immunofluorescent signal (red) and natural autofluorescence of elastin (green) are shown. ADV adventitial layer, END endothelial layer, MED media layer, IEL internal elastic lamina, WD Western diet. Image size 238×238 μm. SAMR1 (control 5-6; WD 4-5) and SAMP8 (control 5-7; WD 4-5) mice. *P<0.05, **P<0.01, ***P<0.001 by twoway ANOVA with Bonferroni's post-test. b Comparative analysis of mRNA levels of eNOS, iNOS and nNOS in mesenteric arteries from female SAMR1 and SAMP8 mice. mRNA levels are expressed as 2 −ΔCt using 18 S as internal control. Results are the mean ± SEM from SAMR1 (control 6; WD 6) and SAMP8 (control 6; WD 6) mice. *P<0.05, **P<0.01, ***P<0.001 by two-way ANOVA with Bonferroni's post-test mRNA levels of SOD shows that only SOD1 and SOD3 were prominently detected in MAs from both strains (Fig. 6b) . mRNA levels of SOD1 were greater (P<0.01) in SAMP8 compared to SAMR1 either on control or WD (Fig. 6b) . However, neither senescence nor diet modified mRNA levels of SOD3 (Fig. 6b) .
Discussion
The present study shows similar vascular reactivity in MAs from SAMR1 and SAMP8, though marked changes at molecular levels are observed at an early stage of vascular senescence, suggesting a potential adaptive mechanism of blood vessels during the beginning of senescence. Furthermore, MAs from SAMR1 and SAMP8 are sensitive to functionally distinct changes in response to modifications in dietary fat intake. In this regard, the decreased reactivity observed in SAMP8 in response to high-fat feeding might constitute a counteractive adaptive mechanism, whereas the increased vascular reactivity in SAMR1 indicates a lack of capacity to adapt. Nevertheless, even though these vascular adaptations in SAMP8 might seem beneficial at this stage, it could lead to vascular injury (Moncada and Higgs 2006; Van der Loo et al. 2000) and hemodynamic decompensation (Gómez-Jiménez et al. 1995; Hollenberg et al. 2000 ).
The SAM model was chosen because the animals age fast and predictably without vascular damage at an early age (Butterfield and Poon 2005; Novella et al. 2010) . Novella et al. (2011) identified the time points for some vascular functional and molecular changes in SAM and reported that although aging similarly affects aortic function in both SAMR1 and SAMP8, vascular alterations occur earlier in aorta from SAMP8 and are manifest at an age of 6 months. Therefore, we decided to begin treatment at 5 months and analyze vascular responses at 7 months of age in both SAMR1 and SAMP8, a period that coincides with the beginning of manifest vascular senescence in SAMP8. Importantly, SAM exhibits a diet-induced weight gain that is paralleled by augmented abdominal adiposity in a similar way to what occurs in humans. Despite that, SAMP8 did not differ from SAMR1 in weight gain and abdominal fat deposition on WD, and therefore we could exclusively establish the role of senescence on WD-induced effects. A previous study using this mice model established that aortas from SAMP8 are more prone than SAMR1 to early atherogenesis induced by WD (Fenton et al. 2004) . Conversely, our studies showed no fatty lesion following WD in small arteries in both SAMR1 and SAMP8 mice.
In the present study, MA contractions to KCl and Phe were similar in SAMR1 and SAMP8 on control diet. The major novelty of the current study is that Results are the mean ± SEM from SAMR1 (control 4-16; WD 5-10) and SAMP8 (control 8-14; WD 3-7) mice. *P<0.05, **P<0.01 by two-way ANOVA with Bonferroni's post-test switching from standard chow to a high-fat diet alters the contractions to Phe in opposite directions in SAMR1 and SAMP8. Contractions to KCl were not modified by WD, which clearly shows that the observed differences on Phe contractions cannot be considered a generalized effect on smooth muscle contractility. Administration of a high-fat diet per se has yielded mixed results in the literature, and enhanced (Matsumoto et al. 2006) or unchanged (Eichhorn et al. 2009 ) Phe contractions of MAs from young mice have been reported. Interestingly, we observed that WD feeding enhanced Phe contractions in SAMR1, while it reduced such responses in SAMP8. It is worth mentioning that in both strains 8 weeks of high-fat consumption, leading to 7 % (SAMR1) and 15 % (SAMP8) increase in body weight over that observed in the control groups, was enough to promote such significant and qualitatively different alterations in vascular responses. Altered small artery reactivity in disease is at least partly associated with changes in NO bioavailability (Vila and Salaices 2005) . Therefore, alterations in the synthesis and/or effect of NO might explain the difference in Phe contractions induced by WD feeding. Phe responses were equally potentiated by L-NAME treatment in both groups on control diet, indicating a similar inhibitory role for NO on the modulation of . mRNA levels are expressed as 2 −ΔCt using 18 S as internal control. Results are the mean ± SEM from SAMR1 (control 6; WD 6) and SAMP8 (control 6; WD 6) mice. *P <0.05, **P<0.01 by two-way ANOVA with Bonferroni's post-test Phe-induced MA contractions (Dora et al. 2000; Matsumoto et al. 2004 ) in SAMR1 and SAMP8. However, after high-fat diet feeding, suppression of the NO-mediated modulation of Phe contraction by L-NAME was seen only in SAMR1, suggesting a decreased NO production by WD only in those animals. Curiously, we observed eNOS protein and mRNA down-regulation not only in SAMR1 on WD, but also in SAMP8 on either control diet or WD. Those results agree with the observed lack of potentiation of Phe responses after exposure to L-NAME in SAMR1 on WD, but they are somewhat surprising given the observed potentiation of Phe contractions by L-NAME in SAMP8 irrespective of diet. These results led us to Influence of senescence and diet on endogenous antioxidant capacity in mesenteric arteries from female SAMR1 and SAMP8 mice. a Representative photomicrographs and quantification of staining of microscopic artery sections. This assay is based on the conversion of Fe +2 to Fe +3 in the presence of hydroperoxide, which in turn complexes with xylenol orange dye to yield a purple product. WD Western diet. Image size 858×858 μm. Results are the mean ± SEM from SAMR1 (control 5; WD 7) and SAMP8 (control 8; WD 11) mice. **P<0.01, ***P<0.001 by two-way ANOVA with Bonferroni's post-test. b Comparative analysis of mRNA levels of SOD1, SOD2 and SOD3. mRNA levels are expressed as 2 −ΔCt using 18 S as internal control. Results are the mean ± SEM from SAMR1 (control 6; WD 6) and SAMP8 (control 6; WD 6) mice. **P<0.01 by two-way ANOVA with Bonferroni's post-test speculate that in SAMP8 NO derived from other forms of NOS may overcome eNOS deficiency to maintain NO production.
In the vasculature, although eNOS is the primary source of NO under physiological conditions, NO derived from iNOS and nNOS may also play an important role under various pathological conditions (Chatterjee et al. 2008; Morishita et al. 2002; Yogo et al. 2000) . Contrasting results regarding the influence of age on NOS expression have been reported (Briones et al. 2005a (Briones et al. , 2005b Piech et al. 2003; Yang et al. 2009; Zanetti et al. 2010) . In the present study, in spite of higher mRNA levels of iNOS detected in SAMP8, protein expression was similar in MAs from SAMP8 compared to SAMR1. However, the inhibition of iNOS with 1400 W revealed an influence of NO from iNOS on Phe-induced contractions that was greater in WD than in control SAMP8 mice. We next established a potential role of nNOS for agingassociated NO production. Due to the lack of specific nNOS inhibitors, its contribution was determined through changes in protein and mRNA expression. Analysis of protein expression showed that nNOS was constitutively expressed in MAs from SAMR1 and decreased by senescence. Feeding a WD reduced nNOS expression in SAMR1 while enhanced its expression in SAMP8. On the other hand, we observed enhanced mRNA levels of nNOS in MAs from SAMP8 compared to SAMR1 irrespective of diet. It is worth mentioning that iNOS and nNOS transcription did not always recapitulate their protein expression. More likely, changes in translational mechanisms of this NOS isoforms would contribute to these effects. Together, these lines of evidence support the contribution of NO derived from iNOS as a compensatory mechanism to preserve the production of NO in the face of a decrease in the participation of other forms of NOS in early stages of vascular senescence. The potential contribution of NO derived from nNOS after feeding a WD in senescent mice cannot be discarded.
Although changes in NOS expression could explain the senescence-and diet-induced effects on vascular reactivity, the participation of ROS should also be considered, as aging and obesity are commonly associated with increases in ROS production (Barton 2010) . The newly formed O 2 ·− can scavenge NO reducing its bioavailability, thereby leading to vascular dysfunction (Hamilton et al. 2002) . In our study, a marked increase in mRNA levels for NAD(P)H-oxidase subunits Nox-1, p22 phox and p47 phox as well as O 2 ·− and nitrotyrosine formation was observed in MAs from SAMR1 receiving the WD, as already reported in young mice fed a high-fat diet (Eichhorn et al. 2009; Matsumoto et al. 2006) . Based on these findings, we suggest that an increase in NO breakdown induced by an excess of O 2 ·− could also play a role in the increased Phe contractions observed after WD feeding in SAMR1. The fact that the O 2 ·− scavenger tempol abolished the enhancement of Phe contractions induced by WD in SAMR1 supports this hypothesis. However, vascular tone is influenced, among others, by various cyclooxygenase-derived products that may modulate vascular contractions with age (Novella et al. 2011) . Several studies also indicate that obesity is associated with activation of cyclooxygenasedependent vasoconstrictor pathways (Rask-Madsen and King 2007; Traupe et al. 2002) . Therefore, the participation of additional factors in Phe-enhanced contractions in SAMR1 cannot be excluded. It should be noted that decreased NO availability in SAMR1 after WD feeding was not accompanied by impairment of endothelium-dependent relaxation to acetylcholine. Although we do not have a clear explanation for the lack of differences in acetylcholine-induced vasodilatation, we suggest that enhanced NO-independent relaxation might compensate for the loss of NO after WD feeding in SAMR1, as already described by others (Chadha et al. 2010) . Further examination of the mechanisms involved in that preservation of endothelium-dependent relaxation is beyond the scope of the present study.
Interestingly, we did not find significant differences in O 2 ·− formation between SAMR1 and SAMP8 fed control chow in spite of enhanced Nox-1 and p22 phox mRNA levels in the latter. Similarly, after WD feeding, mRNA levels of Nox-1, p22 phox and p47 phox were comparable in SAMP8 and SAMR1, whereas O 2 ·− formation along the MA wall was only enhanced in SAMR1. Consistent with these discrepancies, tempol diminished Phe-induced contractions in SAMR1 on WD, but it did not modify those in SAMP8 on either diet. We found increased nitrotyrosine formation in MA from SAMP8 on control diet. Thus, we cannot discard that increased iNOS-derived NO could at least partially account for unaltered O 2 ·− formation in senescent mice despite increased NAD(P)H-oxidase expression. However, nitrotyrosine formation was, in fact, decreased in MAs from SAMP8 on WD. We pursued further investigation to determine if the lack of O 2 ·− formation in SAMP8 could also be a consequence of differences on endogenous SOD activity. Thus, we observed enhanced H 2 O 2 formation and mRNA levels of SOD1 in vessels from SAMP8 on control diet and WD, suggesting that increased endogenous SOD1 antioxidant capacity may participate in buffering oxidative stress in SAMP8. Those results contrast with the aging-induced decline in SOD activity (Herrera et al. 2010 ), but reinforce the hypothesis that early stages of senescence are associated with the appearance of compensatory mechanisms. Adaptation of blood vessels has an essential putative role in protecting the vasculature against disease, but what really matters is the net balance between adaptation and injury (Ferrini et al. 2004 ). Thus, a prolonged activation of adaptive pathways may also be noxious and might ultimately lead to hemodynamic disturbances at later stages, exacerbating vascular injury (Gómez-Jiménez et al. 1995; Hollenberg et al. 2000) . In addition, the observed vascular adaptation involves iNOSderived NO that may act by itself as a cytotoxic agent (Moncada and Higgs 2006) and peroxynitrite, a potent harmful molecule that plays a role in vascular injury (Van der Loo et al. 2000) . Conversely, the predisposition to increased reactivity upon high-fat intake reflects lack of adaptation in SAMR1 and might shed light on the mechanisms by which excessive weight gain during youth is a determinant of adult cardiovascular risk (Reilly and Kelly 2011; Sinaiko et al. 1999) . However, this hypothesis remains to be fully elucidated.
Collectively, the present study shows that the lack of differences between SAMR1 and SAMP8 in Phe responses of MAs is a consequence of senescencerelated changes at the molecular level. Thus, the observed down-regulation of eNOS and nNOS and upregulation of O 2 ·− synthesis in SAMP8 is compensated for, at least in part, by the contribution of NO derived from iNOS and the increased endogenous antioxidant capacity of SOD1 to maintain vasoconstriction. However, consumption of a high-fat diet induced qualitatively different alterations in Phe contractions of MAs from SAMR1 and SAMP8. SAMR1 showed increased contractions partly as a result of decreased NO availability generated by decreased eNOS and nNOS expression and enhanced O 2 ·− formation. In contrast, high-fat feeding in SAMP8 resulted in reduced contractions due, at least in part, to the increased functional participation of NO derived from iNOS. Therefore, senescence-dependent intrinsic alterations during early stages of vascular senescence may promote adaptation and predispose to further changes in response to high-fat intake, which may be involved in the progression of aging-related cardiovascular disease. Certainly, the increase in the average age of the population will be one of the major medical and socioeconomic problems in the twenty-first century, and thus it is essential to understand the factors and mechanisms involved in the pathogenesis of aging. Our study emphasizes the need to investigate the effect of high-fat diet intake on vascular responses at different stages of aging to gain further understanding of their functional impact on the human vasculature.
Study limitation and future directions
Our aim was to evaluate the mechanisms of early vascular dysfunction induced by high-fat diet, commonly known as Western-type diet, and to determine if these changes occur similarly in the vasculature of SAMR1 and SAMP8. Our findings provide new insights on how short-term high-fat intake might affect small vessel function in young and aged individuals. Nevertheless, we are aware that our experimental condition may not reflect real-life situation, where the ingestion of high-fat diets generally occur over longer periods of time. Thus, our study provide no information on whether the observed effects are worsen or modified at long term, or yet, if they can be reversed by changing diet. Being a subject of great clinical relevance in modern society, long-term effects of high-fat intake and the mechanisms responsible to regulate vascular function during aging should be carefully pursued in an entirely new project.
